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PURPOSE 
The object of this research is to study the utility of radar 
equipment in measuring surface precipitation and to improve radar 
techniques in measuring precipitation for application by the Army 
to radioactive rainout prediction, trafficability, and communica-
tions. Considerable effort is being directed toward determining 
the correlation between radar variables and actual rainfall quan-
tities by means of raindrop-size distribution. 
ABSTRACT 
The drop camera installation at Flagstaff, Arizona, produced 
26 rolls of raindrop data. This data is in general of rather poor 
quality. The network cameras operating in Illinois produced ex-
cellent data for at least seven shower and thundershower situations 
and three continuous rain cases. These data have been selected for 
comprehensive analysis. There are other data from the Illinois 
network which can be utilized if deemed desirable later. 
The rainfall rate-radar reflectivity relationships are sum-
marized. The data from Miami, Florida, has been stratified by 
synoptic type, rainfall type and by a measure of the instability. 
A brief description of an objective means of coalescence 
curve fitting is described. 
-2-
PUBLICATIONS, LECTURES, REPORTS, AND CONFERENCES 
Between July 5, 1963, and July 13, 1963, Mr. E. A. Mueller 
was in Flagstaff, Arizona, installing a raindrop camera. 
Between August 6, 1963, and August 8, 1963, Mr. A. L. Sims 
was in Flagstaff, Arizona, to perform drop camera maintenance and 
visit the cooperative projects in the area. 
Mr. Glenn E. Stout visited Flagstaff to supervise the removal 
of the camera on August 23, 1963. 
On August 14 and 15, 1963, Mr. Joseph Walsh of Evans Research 
and Development Laboratory visited the Meteorological Laboratory. 
The present status of the contract research was reported. 
RADAR OPERATIONAL PROGRAM 
CPS-9 
The CPS-9 has been operated for 243 hours during the period. 
The slip ring assembly has not as yet been repaired but this will 
be accomplished during October. No difficulties have been ex-
perienced during the quarter. 
TPS-10 
The TPS-10 has been used during the quarter for data col-
lection. No difficulties have been experienced. 
M-33 
The M-33 track radar is operative and was used to track bal-
loons and for a few vertical reflectivity profiles. This radar 
has not been used routinely for data collection. 
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RAINDROP CAMERAS 
Illinois 
Raindrop camera operations in the East Central Illinois Rain-
gage Network were suspended on September 3, 1963. The cameras and 
electrical systems were returned to the laboratory for storage, 
and for refurbishing prior to next summer's operations. Also, one 
of the mirrors was brought in to be resurfaced before next season. 
The shelters have been left in place for possible future use in 
these locations. 
The cameras in Illinois operated satisfactorily. Only a very 
little data was missed due to equipment failure. Greater diffi-
culty was encountered in keeping clocks wound and film replaced, 
due to the remote location of the cameras. This situation can be 
improved by the installation of electric clocks on all cameras. 
A total of 63 rolls of data was collected,, These data were 
collected on 31 days between April 16 and September 2, 1963. 
Arizona 
A camera was operated at Flagstaff, Arizona, from July 12 to 
August 22, 1963. Considerable difficulty was encountered in this 
operation. A malfunctioning film magazine spoiled a few rolls at 
first. It was also observed from the early rolls that the align-
ment and focus were not satisfactory. This may have been caused by 
shifting of the shelters in the loose soil. An attempt was made 
to correct these problems in early August; however, the refocusing 
was not completely successful. A total of 26 rolls of film was 
exposed; it is hoped that it may be possible to reduce some data 
from these rolls, even though the general quality is poor. 
The camera appeared to be somewhat poorly located in relation 
to the rainfall pattern during the summer. Only about six showers 
of significant rates and amounts occurred at the camera, although 
many heavy showers occurred in the general area. 
On August 23, 1963, the Arizona installation was dismantled. 
The shelter was stored at the Museum of Northern Arizona Research 
Center for the winter. The camera and electrical system were re-
turned to the Meteorological Laboratory. The parabolic mirror is 
now being resurfaced. 
DATA ANALYSIS 
Raindrop Data Reduction 
A total of 16 rolls of raindrop data was measured. Pour of 
these rolls were obtained from Island Beach, New Jersey; six from 
Coweeta, North Carolina; and six from this summer's operations in 
Illinois. Both measuring tables have been shifted to Illinois 
data; it is anticipated that one will be used for the Arizona 
data soon. 
All the Illinois film has been developed and reviewed. Pres-
ent plans call for measuring 23 rolls of this data. This will 
cover the seven most promising shower and thundershower situations 
and three continuous rain situations. For four of the shower and 
thundershower situations, data from all three cameras and the radars 
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were obtained. Depending on the results of early data analysis, 
other rolls of the Illinois data may be selected for detailed study. 
The Arizona film has been developed and eight rolls have been 
reviewed preparatory to measuring. Results of attempts to measure 
these data will determine to what extent the remainder of these 
data will be reduced. 
R-Z Relationships 
Earlier work reported on in Seventh Quarterly Technical Report, 
under DA-36-039 SC-75055, obtained relationships for Z with R using 
a different criterium than logarithmic least squares. Further work 
was undertaken, and in this report is tabulated the best relation-
ships between rainfall rate and radar reflectivity which have been 
found from the raindrop data. A number of different stratifica-
tions of the data were made to investigate the means which produce 
rainfall estimates with minimum error. All of the stratifications 
are reported so that a user can select the most convenient, depend-
ing upon the data available. 
Three methods have been adopted for determining the best es-
timate of the rainfall rate, R, for a particular value of radar 
reflectivity, Z. These consist of the standard logarithmic least 
squares with R dependent; the average value of R for each 1 db 
interval of Z; and minimizing where R* is the estimate 
and Ri are observed points. Since the latter two methods do 
not produce an equation as a final product, tabulated values of 
R for each Z interval are found in Figures 1, 2, 3, 4, and 5. 
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In these figures, the column labeled Z is the radar reflec-
tivity defined as over the unit volume of one cubic meter. 
The units of this column are 10's of mm6/m3 (first entry Pig. 1 
of 11.2 represents 112 mm6/m3). The Z intervals are one decibel 
apart and each row contains the data points whose Z values lie 
from 0.5 db below the indicated value to 0.5 db above the indicated 
value. It can be noted that some of the intervals are always empty. 
This is due to the necessity of rounding and recording Z on cards as 
000001 and 000002 which are 3 db apart. The second column is the 
best estimate of the rainfall rate, R*, subject to the minimiza-
tion of S This criteria tends to produce estimates 
of R which are weighted towards the higher rates and, thus, pro-
duces a tendency to overestimate more than underestimate. Columns 
3 and 5 are the minimum and maximum rainfall rates for each of the 
Z intervals. The column headed R AVE is the average R defined as 
,where N represents the number of samples in each interval. 
The column labeled S is the minimum sum corresponding to the R* re-
ported. The columns labeled UNDER and OVER represent the extremes 
of error possible within the data set and are defined as 
The rainfall rate data from Miami and Majuro were rounded to 
nearest mm/hr and entered on cards before this analysis was per-
formed. It can be noted that a number of the lower Z intervals 
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TABLE 1 
CONSTANTS FOR LOGARITHMIC LEAST SQUARES 
PIT FOR MIAMI (Z = ARb) 
Stratification Type A b 
Synoptic air mass 323 1.42 
" pre-cold front 280 1.49 
" cold front 198 1.54 
" overrunning 302 1.36 
" warm front 403 1.24 
" easterly wave 296 1.35 
" trough aloft 26l 1.43 
" pre-cold occlusion 330 1.66 
Positive Area Stability negative 257 1.27 
" zero 352 1.38 
" 1-25 358 1.31 
" 26-50                420    1.41 
" 51-100 206 1.42 
" 101-150 313 1.39 
" 151-200 304 1.41 
" 201-300 307 1.41 
" 301-400 295 1.36 
" 400 264 1.40 
Storm Type continuous rain 322 1.34 
" rain showers 258 1.45 
" thunderstorms 338 1.35 
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repeat values of R* = 1.0. It is apparent that if this region is 
of interest, a recalculation from the original drop size measure-
ments to obtain lower readings of R will be necessary, 
TABLE 2 
EXAMPLES OP STORM CALCULATIONS USING 
THREE METHODS OP PREDICTION 
Syn. PASI Amount Syn. PASI Syn. 
Date Type Type mm R* R* least sq. 
Easterly 
8/28/57 Wave 300-400 31 28% hi 19% hi 16% hi 
Easterly 
5/5/58 Wave 151-200 62 4% hi 4% 10 5% 10 
Easterly 
5/23/58 Wave 26-50 50 1% 10 4% 10 23% 10 
Warm 
11/27/57 Front 200-300 44 15% 10 20% 10 27% 10 
Warm 
12/23/57 Front 1-25 36 10% hi 10% hi .4% hi 
Examinations of the tables in the figures 1-5 lead to quali-
tative verification of the benefits to be derived from stratifica-
tion of the data. It can be noted that the average OVER and UNDER 
values listed in Fig. 4 for all of Miami are, in general, larger 
than the values listed in Pigs. 1 and 2. Admittedly, this is only 
a qualitative verification because of the sensitivity to the maxi-
mum and minimum value in each interval as a function of sample size. 
A better measure of the adequacy of these relations can be 
obtained by selecting a sample storm and computing the rainfall 
amount using the appropriate relations. The data for this study 
were, unfortunately, not independent. That is, each of the storms 
reported in Table 2 were also utilized in the derivation of the 
equations and figures. 
The method adopted for deriving Table 2 consisted of choosing 
5 storms averaging about one hour in duration. These storms were 
then classified according to synoptic type. The Z value for each 
minute determines an estimated R by means of the appropriate table. 
It is assumed that this rate represents the one-minute rate which 
would be measured if a radar had been available for measuring the 
Z value. The R values are then time integrated to obtain the rain-
fall quantity as would have been measured by a radar and the par-
ticular R-Z relationship. The measured R's from the drop size 
distributions are time integrated to obtain the rainfall amount 
which is considered the true amount. This value is listed in 
amount column in Table 2. The amount calculated from the Z values 
are then compared with the true values and percentage over and 
underestimates are listed under the headings which describe the 
particular R-Z relationship used. 
The percentage errors indicate the order of magnitude of 
accuracy which might be expected in determining rainfall amounts 
due to drop size variations and assuming no additional error in 
the radar measurement of Z. It should be pointed out that these 
accuracies pertain to storm amounts as obtained by the time inte-
gration. Individual samples produce errors that are much larger, 
but fortunately these tend to cancel with the time integration. 
-9-
-10-
It may be noted that, in general, if one of the estimates is 
high, they all tend to be high. Therefore, one might continue to 
seek a more appropriate means of stratifying the data with the 
hope of finding all of the "low storms" grouped together. Efforts 
to find some common parameter by looking at the "low storms" have 
failed thus far, but continued effort in this direction will be 
maintained. 
Coalescence Curve Fitting 
In further investigation of the coalescence parameters from 
the Majuro data, it was felt that the parameters were so subjective 
because of the fitting technique that conclusions were doubtful. 
A new attempt to define an objective means of curve fitting was 
sought. A method has been devised which required knowledge of the 
location of the mode of the distribution, the value at the mode 
and the total number of drops. 
Consider the equation 
(1) 
where D = d iameter of a drop 
ND = the number of drops of d iamete r D 
D O , a re t h e f i t t i n g parameters . 
The t o t a l number of d rops in the d i s t r i b u t i o n is then 
(2) 
If Equation (1) is differentiated with respect to D, set equal to 
zero, and solved for D, an expression of the location of the mode 
is obtained 
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so 
If this value for (*D-DO)3 is substituted into (1), the height of 
mode *ND is obtained 
If it is now assumed that NT and *ND can be obtained from the 
data, (4) and (2) can be solved to find and  
(5) 
(6) 
The DO can t h e n be determined if the l o c a t i o n of t h e mode, *D, 
is known. Prom (3) , 
(7) 
The problem has now been reduced to an objective scheme for 
estimating *ND and *D as NT is easily estimated by summing the 
individual ND's. 
The method which has been tried so far is inadequate. This 
consists of determining *D by performing running averages of N 
over three intervals, choosing the largest running sum, and then 
setting *D to the value of D represented by the center of the 
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three intervals in the maximum sum. The value of *ND is then 
chosen as the corresponding ND to *D. Figure 6 illustrates three 
curves fitted by this technique. Figure 6a shows a good fit, 
Figure 6b an acceptable fit, but 6c a very poor fit. The esti-
mated values of *D and *ND are both too small. A better fit could 
have been obtained if *D had been estimated at 1.4 instead of 1.1 
and *ND at 170 instead of 135. Efforts to obtain better estimates 
of these parameters will be continued. 
SUMMARY AND CONCLUSIONS 
The raindrop cameras on the East Central Illinois Network 
operated well, and sufficient data were obtained to perform 
analysis on at least seven showers and three continuous rains. 
The network has been closed for the winter, and the decision as 
to reopening in the spring has been delayed pending the results of 
the analysis. The camera data collection at Flagstaff, Arizona, 
was not completely successful in part because the storms this 
season missed the camera location and in part because of faulty 
camera operation. If this phase of the study is continued, it is 
recommended that a location for the camera be chosen that is much 
closer to the mountain peaks where the majority of the rainfall 
occurred. 
Results of radar reflectivity-rainfall rate relationships 
show that better means of data stratification are highly desirable. 
Since in most cases when a storm is chosen and amounts calculated 
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from the measured Z , the e s t i m a t e s tend to be e i t h e r a l l h igh or 
a l l low r e g a r d l e s s of which method of R e s t i m a t i o n is u sed , t h e r e 
i s a s t r o n g l i k e l i h o o d t h a t a b e t t e r method of s t r a t i f y i n g e x i s t s . 
Other means of s t r a t i f i c a t i o n w i l l be examined. 
The procedure o u t l i n e d fo r o b t a i n i n g coalescence curve f i t t i n g 
w i l l be modif ied. An improved method of e s t i m a t i n g the mode l o c a -
t i o n and h e i g h t w i l l be i n c o r p o r a t e d . This o b j e c t i v e t echn ique 
w i l l then be used to e s t i m a t e t h e coalescence parameters p r ev ious ly 
r e p o r t e d . I t i s b e l i e v e d t h a t more o rde r should be apparent in the 
parameters when they are determined o b j e c t i v e l y , 
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FIG. 1 TABLES OF RAINFALL RATE VERSUS RADAR REFLECTIVITY FOR DIFFERENT POSITIVE AREA STABILITY INDICES (PASI) FOR 
MIAMI, FLORIDA. 
FIG. 2 TABLES OF RAINFALL RATE VERSUS RADAR REFLECTIVITY FOR DIFFERENT POSITIVE AREA STABILITY INDICES (PASI) CONTINUED FROM FIG 1 AND 
FOR DIFFERENT RAIN TYPES FOR MIAMI, FLORIDA. 
FIG. 3 TABLES OF RAINFALL RATE VERSUS RADAR REFLECTIVITY FOR SYNOPTIC TYPES FOR MIAMI, FLORIDA. 
FIG. 4 TABLES OF R-Z COMPARISONS FOR NON-STRATIFIED DATA FROM ALASKA. OREGON, FLORIDA, INDONESIA, MAJURO, AND 
NORTH CAROLINA. 
FIG. 5 TABLES OF RAINFALL RATE VERSUS RADAR REFLECTIVITY FOR DIFFERENT POSITIVE AREA STABILITY INDICES (PASI) FOR 
MAJURO. 
FIG.6 EXAMPLES OF COALESCENCE CURVE FITTING BY AN OBJECTIVE METHOD. 
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